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Symbols 


b,  m constants 

h vertical  asymptote 

k horizontal  asymptote 

M free-stream  Mach  number 

R radius  of  sphere 

X axial  distance  from  center  of  sphere  to  bow  wave 

s 

y ratio  of  the  specific  heats 


S 


R 

ratio  of  open  to  total  width  per  slotted  wall 
test  section  area,  70  square  Inches 
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AERODYHAMICS  LABORATORY 
DAVID  TAYLOR  MODEL  BASIN 
UNITED  STATES  NAVY 
WASHINGTON,  D.  0. 

BOW-WAVE-DETACHMENT  DISTANCE  FOR  SPHERES 
AT  LOW  SUPERSONIC  MACH  NUMBERS 

by 

William  C.  Volz 

SUMMARY 

Testa  have  been  performed  on  four  different  diameter 
spheres  at  free-stream  Mach  ntuabers  from  1*0  to  approximately 
1.1  to  determine  the  sphere  bow-wave- detachment  distance  and  to 
check  these  values  with  some  existing  theoretical  and  empirical 
methods.  It  was  found  that  all  of  the  theoretical  and  empirical 
methods  Investigated  gave  values  for  bow-wave-detachraent  dis- 
tance at  these  low  Mach  niimbers  which  were  too  low. 

An  empirical  equation  was  obtained  from  the  experi- 
mental data  which  gives  satisfactory  values  of  bow-wave- 
detachment  distance  even  when  the  Mach  number  is  as  high  as  3*0. 

INTRODUCTION 

One  of  the  major  problems  encountered  in  the  analysis 
of  test  data  obtained  from  transonic  wind  tunnels  is  the  effect 
of  wall  interference.  At  the  present  time  considerable  effort 
is  being  made  to  eliminate,  or  at  least  to  minimize,  the 
boTuidary  interference.  Adequate  theoretical  and  experimental 

CONFIDENTIAL 


CONFIDENTIAL 


2 


investigations  have  been  made  which  show  that  a problem  exists 
only  at  supersonic  speeds  where  wave  reflections  occur.  These 
experimental  investigations  consisted  primarily  of  oooqpar Isons 
between  pressure-distribution  data  and  either  free-fllght  data 
or  data  obtained  from  larger  tunnels. 

At  Mach  numbers  slightly  higher  than  unity  another 
criterion,  which  may  be  used  to  determine  whether  or  not  wall 
Interference  is  present,  is  the  location  of  the  bow  wave  in  the 
tunnel  as  compared  to  its  location  in  a free  stream.  In  order 
to  apply  this  procedure,  it  is  necessary  to  know  the  bow-wave- 
det^chment  distance  of  a body  in  a free  stream. 

The  purpose  of  the  present  investigation  is  to  deter- 
mine the  variation  of  bow-wave -detachment  distance  for  a sphere 
in  a free  stream  as  a function  of  Mach  number.  Several  methods, 
both  theoretical  and  empirical,  have  appeared  in  literature. 
However,  except  for  one  theoretical  method,  these  methods  apply 
at  Mach  numbers  greater  than  1.2.  The  present  investigation  is 
concerned  with  the  region  from  M = 1.0  to  about  M = 1.1.  There- 
fore, it  was  necessary  to  determine  whether  or  not  any  of  the 
methods  available  would  be  valid  in  this  rsmge;  and,  if  not,  to 
detemine  a new  empirical  relation. 

The  procedure  of  this  investigation  was  to  test 
several  sizes  of  spheres  of  small  blockage  in  the  l/l2-scale 
model  of  the  transonic  wind  timnel.  This  tunnel  used  the 
slotted- throat  principle.  The  data  obtained  from  these  tests 
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were  used  as  the  basis  of  comparing  the  various  methods  avail- 
able for  predicting  sphere  bow-wave-detachment  distance. 

MODELS  AND  TEST  FACILITY 

The  models  used  in  this  test  were  four  spheres  with 
diameters  of  1/8  inch,  3/I6  inch,  5/16  inch,  and  O.I1.04.  inch. 
These  spheres  were  sting  supported  as  shoim  in  Figure  1.  The 
values  of  blockage  of  these  models,  based  on  percent  of  test 
section  throat  area,  were  0.018,  0.039,  0.110,  and  O.I32  per- 
cent. The  tests  were  conducted  in  the  l/l2-scale  model  tunnel 
shown  in  Figures  2 and  3.  The  test  section  is  7 inches  in 
height  by  10  inches  wide  with  slotted  floor  and  celling  and 
glass  side  walls.  The  slotted  floor  and  ceiling  were  parallel; 
the  glass  side  walls  were  divergent  with  an  angle  between  the 
walls  of  17  minutes.  There  were  six  slots  in  each  slotted  wall, 
each  slot  having  a width  of  0.20  inch,  so  that  the  ratio  of 
open  to  total  width  per  slotted  wall,^  , was  0.12.  The  slot 
geometry  is  shown  in  Figure  1|.  along  with  dimensions  of  the 
effusers  used  in  this  test  section. 

The  schlieren  system  used  to  obtain  the  schlieren 
photographs  is  a symmetrical  two-rairror  system  shown  in  Figure 
5*  With  this  system,  schlieren  photographs  were  obtained  both 
as  motion  pictures  and  stills. 
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TESTS 

The  teats  were  performed  at  Reynolds  numbers  of  79,000 
to  287,000  based  on  the  diameter  of  the  spheres.  The  tunnel 
stagnation  pressure  was  atmospheric  and  the  stagnation  tempera- 
ture varied  from  126®  to  I6I®  Fahrenheit, 

Each  sphere  was  tested  at  Mach  numbers  from  1,0  to 
about  1,1,  the  maximum  obtainable  with  the  present  testing 
equipment.  At  each  Mach  number,  schlieren  photographs  were 
taken  of  the  horizontal  density  gradients  in  the  region  of  the 
model.  To  insure  adequate  data  coverage  two  tests  were  performed 
with  each  sphere.  The  test-section  Mach  nvimber  was  determined 
from  the  ratio  of  the  static  pressure  in  the  tank  to  the  stagna- 
tion pressure.  The  Mach  numbers  are  accurate  to  ±0,00$  based 
on  a reading  accuracy  of  the  mercury  manometer  of  ±0.02  inch. 

The  axial  variations  in  free-stream  Mach  numbers  are  within 
this  accuracy.  The  accuracy  of  6 ^ varies  from  ±0,00$  for  the 
smallest  body  to  ±0,002  for  the  largest  body,  based  on  a meas- 
uring accuracy  of  ±0.002  inch.  This  is  the  accuracy  of  the 
actual  distance  obtained  by  measuring  to  0.02  inch  from  a 
schlieren  negative  magnified  12.6  to  1. 

The  bow  wave  ahead  of  the  spheres  oscillated  with  a 
maximum  variation  in  6 ^ of  ±^  percent  at  the  maximum  Mach  num- 
ber. This  oscillation  was  measured  from  schlieren  movies.  The 
oscillations  at  the  lower  Mach  numbers  increased  somewhat  but 
the  magnitude  could  not  be  accurately  determined  because  of 
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inadequate  movie  film  data, 

RESULTS 

The  bow-wave-detachraent  distances,  6„,  determined  for 
the  four  spheres  are  presented  in  Figure  6. 

The  method  of  least  squares  was  applied  to  obtain  an 
empirical  equation  representing  these  data.  The  curve  was 
assumed  to  be  a hyperbola  of  the  form, 

6^  = b(M-h)®  + k 
s 

where  k and  h are  the  horizontal  and  vertical  asymptotes  respec-' 
tlvely,  and  b and  m are  constants  determined  by  the  method  of 
least  squares.  This  is  the  general  form  of  the  equation  used  in 
References  1 and  2,  in  which  values  used  for  h and  k were  one 
and  minus  one  respectively.  Data  obtained  from  the  l/l2-scale 
tunnel  were  used  to  calculate  values  of  b and  m using  the  same 
as3rmptotes.  The  resulting  equation  was. 

Since  6 actually  approaches  zero  instead  of  minus  one  as  the 
s 

Mach  number  becomes  very  large,  the  following  equation,  in  which 
k was  assumed  equal  to  zero,  was  obtained  for  extrapolation 
purposes: 

The  above  equations  are  plotted  in  Figure  6, 
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Also  plotted  in  Figure  6 are  the  theoretical  curves  of 
other  investigators  (References  1 and  3)  and  an  empirical 
equation  based  on  the  results  of  a third  investigation  (Reference 
2)  . These  three  methods,  which  are  all  for  spheres,  are  dis- 
cussed below. 


1,  Heybey’s  method  is  given  in  Reference  3,  The 
method  includes  higher  order  terms  to  account 
for  entropy  and  flow-deflection  changes  across 
the  shock.  The  resulting  equation  is 

= (cr+1)^/^  - 1 


where 


cr  ® - |(K-l)cr  - ^ K 


y+1 


(K+l) 


2 

7+X 


+ 1 


= 0 


and 


M®-1 


2.  Laitone  and  Pardee's  method  is  given  in  Reference 
1.  This  is  a first-order  approximation  method  in 
which  the  change  in  entropy  and  flow  deflection 
across  the  shock  are  neglected.  The  resulting 
equation  is 


6 


s 


1 


3. 
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Heberle,  Wood,  and  Gooderum's  method  is  given  in 
Reference  2.  This  method  consists  of  an  empirical 
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equation  based  on  data  from  interferometer 
photographs  obtained  at  Mach  numbers  between 
1.17  and  l.dl.  This  equation  is 

6g  = - 1 

® (M-1)  ^ 

In  Figure  7»  the  empirical  equation  with  horizontal 
asymptote  equal  to  zero,  which  was  determined  from  the  experi- 
mental data  of  the  present  investigation,  is  extrapolated  to  a 
Mach  niimber  of  three  and  compared  with  various  experimental 
results  obtained  from  other  investigations  (References  2 and  I4.) . 
The  data  from  the  Pressurized  Ballistics  Range  were  obtained 
directly  from  photographic  plates  on  hand  at  the  Naval  Ordnance 
Laboratory*  This  ballistics  range  is  described  in  Reference  ^* 

A typical  series  of  schlleren  photographs  of  the  flow 
about  the  l/8-lnch  sphere  are  shown  in  Figure  8. 

DISCUSSION 

At  a given  Mach  number,  the  values  of  0 obtained  In 
this  investigation  are  Influenced  by  two  possible  errors*  The 
source  of  the  first  type  error  Is  the  tunnel  oscillations  pre- 
viously mentioned.  The  second  possibility  of  error  is  a result 
of  boundary  interference  existing  in  the  model  tunnel  tests* 

If  boundary  interference  existed,  it  would  be  expected  that  the 
Interference  would  increase  with  increasing  blockage*  In 
Figure  6 at  a given  Mach  number,  there  is  no  evidence  of  a con- 
sistent trend  of  8 ^ with  blockage*  Therefore,  the  wall  inter- 
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ference  was  too  small  to  be  measured  within  the  accuracy  of 
these  tests. 

It  is  shown  in  Figure  6 that  all  of  the  theoretical 

methods  investigated  give  values  of  6 which  are  too  low.  At 

s 

least  one  other  Investigator,  Heybey,  found  this  to  be  true. 

Of  the  three  curves,  the  one  based  on  the  equation  derived  by 
Heybey  has  a slope  variation  moat  like  the  slope  of  the  experi- 
mental points  but  none  of  the  three  methods  gives  a satisfactory 
indication  of  bow-wave  detachment  at  these  low  Mach  numbers. 

The  two  empirical  equations  obtained  from  the  experi- 
mental data  of  this  investigation,  given  in  Figure  6,  show  that 
the  change  in  horizontal  asymptote  from  minus  one  to  zero  does 
not  have  any  appreciable  effect  on  the  shape  of  the  curve  in 
this  Mach  number  range. 

From  curiosity,  the  empirical  equations  were  extra- 
polated to  higher  Mach  numbers  in  Figure  J,  It  is  interesting 
to  note  that  although  the  empirical  equations  derived  herein 
were  based  on  data  over  the  Mach  number  range  from  1,0  to  1,1, 
the  extrapolated  curve  with  horizontal  asymptote  equal  to  zero 
is  in  excellent  agreement  with  experimental  data  at  least  out 
to  a Mach  number  of  3,0,  This  unexpected  agreement  permits  the 
determination  of  the  bow-wave-detachment  distance  ahead  of  a 
sphere  over  the  Mach  number  range  from  very  near  unity  to  a Mach 
number  of  at  least  3*0  ^7  ^ single,  exceedingly  simple  equation. 
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CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  pre- 
ceding discussion: 

1.  The  theoretical  and  empirical  methods  checked  are 
not  accurate  for  supersonic  Mach  numbers  less  than  1.10. 

2.  The  empirical  equation, 

which  was  developed  from  experimental  data  obtained  at  Mach 
numbers  between  1.0  and  1.1  gives  a valid  Indication  of  bow- 
wave-detachment  distance  for  spheres  at  supersonic  Mach  numbers 
up  to  3,0. 

Aerodynamics  Laboratory 
David  Taylor  Model  Basin 
Washington,  D,  C. 

August  1954. 

BEPERENCES 

1.  Laitone,  Edmund  V,  and  Pardee,  Otway  0»M. : 

Location  of  Detached  Shock  Wave  in  Front  of  a Body  Moving  at 
Supersonic  Speeds.  (U.  S.)  NACA  RM  A7B10,  May  I9I4.7.  1^  p. 

(2)  plates. 

2.  Heberle,  Juergen  W. , Wood,  George  P. , and 

Gooderum,  Paul  B, : Data  on  Shape  and  Location  of  Detached 
Shock  Waves  on  Cones  and  Spheres.  (U.  S.)  NACA  TN  2000,  Janu- 
ary 1950,  69  p*  incl.  illus. 


CONFIDENTIAL 


CONFIDENTIAL 


K)- 


3.  Heybey*  W-.  ; Sliock  D1  r;i.p.nces  in  Front  of  Sym- 

metrical Bodlesc  (U.,  S,,)  Nsva'l  Ordnence  Leb,  NAVORD  Report 
3594*  December  1953»  P”  iHnso 

4.  Kawamura,  Torn;  On  the  Dc^teched  Shock  Wave  in 
Front  of  a Body  of  Revolution  Moving  VJi  ih  Bi/personlc  Speeds. 
Physical  Society  of  Japan,,  Journal  ^ Vole  No,.  September  -> 
October  19^2,  pp,  486“’88,. 

Lightfoot,  Jc  fU  s Ihe  Naval  Ordnance  Laboratory 
Aeroballistics  Research  Facility,.  (Ih  Ih)  NOL  Report  IO79, 

15  August  19^0.  82  p.  illus 


CONFIDENTIAL 


AERO  869 


-11- 


CONFIDENTIAL 


! 

^•S 

_] 

>8 

O 

Spherp. 

ro 

Wl/C  I^Mar  '54 


CONFIDENTIAL 


Figure  FPrjncipo!  D /mens  ions  of  Spheres  and  Supports 
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28  July  np2  1-57748 

M=  1.062,  Sg  = 3.175  M=  1.083,  5g  = 2.320  M = 1.095,  = 2.  040 

Figure  8 - Photographs  of  Horizontal  Density  Gradient  V*'ith 
1/8-Inch-Diameter  Sphere  Showing  Bow  Wave 


CONFIDENTIAL 


-19- 


CONFIDENTIAL 


INITIAL  DISTRIBUT  ON 


Serials 

1-8  Chief,  BuAer  (TD-4),  Navy  Dept,  Wash,  D.C. 

9 CDR,  NAMC,  Phila,  Pa.  Attn;  MGR,  NAF 

10  CDR,  NAMC,  Phila,  Pa.  Attn;  DIR,  NAES 

11  CDR,  NADC,  Johnsville,  Pa. 

12  CDR,  NATC,  Patuxent  River,  Md. 

13  DIR,  TPTD,  NATC,  Patuxent  River,  Md. 

14  CDR,  NAMTC,  Point  Mugu,  Calif. 

15- 16  BAGR,  Cent  Dist,  Wright-Patterson  AFB,  0. 

17  Chief,  BuOrd  (Re-9),  Navy  Dept,  Wash,  D.C. 

18  Chief  of  Nav  Research,  Navy  Dept,  Wash,  D.C. 

19-22  NACA,  Washington,  D.C. 

23-  24  BuAer  Liaison  Officer,  c/o  Hdqtrs,  ARDC 

Attn;  Deputy  for  Development,  Baltimore,  Md. 

25  Dept  of  Army,  Office  Chief  Ord,  Wash,  D.C. 

26  CG,  Wright  Air  Dev  Ctr,  Wright-Patterson 

AFB,  Ohio,  Attn;  WCLS 

27  CG,  AF  Mis  Test  Ctr,  Patrick  AFB,  Cocoa,  Fla. 

28  CDR,  NOL,  White  Oak,  Md.  Attn;  Library 

29  CO,  NOL,  Corona,  Calif.  Attn;  Library 

30  CDR,  NOTS,  Inyokern,  Calif.  Attn;  Library 

31  DIR,  NRL,  Wash,  D.C.  Attn;  Code  2021 

32  Library,  NPS,  Monterey,  Calif. 

33  CO,  AEDC,  Tullahoma,  Tenn.  Attn;  Library 

34  CG,  AFSWP,  Sandia  Base,  Albuquerque,  N.Mex. 

Attn;  Dev  Div 

35  CG,  Aberdeen  Proving  Ground,  Aberdeen,  Md. 

Attn;  Library 


Serials 

36  DIR,  JPL  Ord  Corps  Instal,  Pasadena,  Calif. 

37  CG,  Redstone  Arsenal,  Huntsville,  Ala. 

Attn:  Library 

38  Boeing  Airplane  Co,  Seattle,  Wash. 

39  Consol-Vul  Air  Corp,  OAL,  Daingerfield, Texas 

40  Glenn  L.  Martin  Co,  Baltimore,  Md. 

41  United  Aircraft  Corp,  East  Hartford,  Conn. 

42  So.  Cal.  Coop  Wind  Tunnel,  Pasadena,  Calif. 

43  Cornell  Aero  Lab,  Buffalo,  N.Y.  Attn:  Library 

44  Brown  Univ,  Providence,  R.l. 

45  ASTIA  Reference  Center,  Library  of  Congress, 

Washington,  D.C. 

46  CO,  Arnold  Eng  Devel  Center,  Tullahoma, 

Tenn.  Attn:  Dr.  B.H.  Goethert 


NAVY  DPPO  PRNC.WASH.  OX 


CONFIDENTIAL 


CONFICCMTIW. 


